A multi-component beam collimation system for the Superconducting Super Collider is described.
Introduction
Beam loss in the Collider of the Superconducting Super Collider (SSC) due to pp-collisions in interaction points, beam-gas scattering, beam halo scraping, various instabilities, and errors would result in irradiation of conventional and superconducting components of the machine, causing radiation damage, quench, or overheating of equipment [1] . Accidental beam loss can cause damage to the components, resulting in effects ranging from minor to catastrophic. A very reliable beam collimation system is required to protect accelerator equipment against irradiation, to sustain favorable background conditions in the detectors, to maintain operational reliability over the life of the machine, and to reduce the impact of radiation on personnel and the environment. The first full-scale consideration of the Collider scraper system is described elsewhere [2] . The system uses some of the ideas of the Tevatron, UNK, and Large Hadron Collider (LHC) designs. Further studies are described in [3, 4] .
There are four goals of a beam scraper/collimation system at a superconducting accelerator:
• reduction of beam loss in the vicinity of interaction points caused by beam pipe interactions, which result in background particle fluxes on detector components;
• minimization of radiation impact on personnel and environment by localizing beam loss in the predetermined regions and using appropriate shielding in these regions;
• protection of superconducting magnets and other machine components against irradiation caused by operational beam loss and enhancement of reliability of the machine~
• prevention of quenching of magnets and protection of other machine components from unpredictable abort and injection kicker prefires/misfires and unsynchronized abort.
In the present paper we describe in detail the system components and specify technical requirements. Calculated beam loss rate in the Collider due to beam-gas interaction is about 3 x 10 3 p/rnls at the baseline parameters. This beam loss is distributed almost uniformly along the machine. Local sources such as pp-collisions and scrapers add some peaks to the above "pedestal." Results on beam loss distribution in this paper are presented for those peaks only. Calculations of the source term and energy deposition in the components have been done with MARS 12 code [5] ; particle tracking in the lattice with STRUCT code [6] ; and thermal analysis with ANSYS code [7] .
Two-stage collimation system
The most direct way of collimating a beam of particles is to define the physical aperture with a solid block of absorbing material. Depending upon the material and thickness, a certain fraction of the intercepted beam will survive, either by traversing the whole length of the block or by being scattered out of the block. Fig. 1 shows particle angular distribution at the downstream end of the scraper block for the LHC 8-TeV protons [8] .
The number of protons penetrating the whole length of the scraper can be reduced by using a longer block or a "denser" material. Suppression of the outscattered particles is much more difficult. For a given material, the position and width of the peak of the outscattered particle yield depends upon the impact parameter and particle energy. The smaller the impact parameter and the higher the energy, the narrower the peak becomes and the closer it moves to the zero-angle position.
The principal scheme of a two-stage collimation system is shown in fig. 2 . The transverse position of outscattered protons and of protons traversing the entire block is almost the same, but they have different angular distributions. Consequently all these particles fall along a vertical straight line in the phase space, as shown in fig. 2 . After rotating about 10° in the phase advance, the segment of line corresponding to positive angle can be efficiently intercepted by a secondary collimator. For a segment corresponding to outscattered particles (negative angles), it is necessary to place a secondary collimator at A two-stage collimator scheme, in principle, can intercept most of the outscattered protons at the first turn, provided the secondary collimator jaw is in the same transverse position as that of the primary collimator with respect to the closed orbit. The major problem with such a system is the alignment of the collimator jaws with respect to the closed orbit of the circulating beam. Alignment of these jaws with respect to each other as well as with respect to the beam orbit becomes critical, as the position of the jaws will also limit the physical aperture of the machine. Moreover, a heavy shielding around all these locations is required to prevent groundwater activation and equipment irradiation. 
sse choice: target-scraper and collimators
The system accepted for the sse consists of a scattering target made of tungsten and associated scraper followed by a few collimators [2] . Another limit is due to heat generated in the target and conductivity of heat through the target supports. Therefore, optimization of the above parameters is rather crucial. • there is only one place with drastic restriction of accelerator aperture (scraper position);
• only this region needs a large amount of shielding and a dogleg structure;
• a thin target is used to increase the average impact parameter of halo particles at the scraper, significantly decreasing the yield of outscattered protons (i.e., total beam loss in the accelerator), scraper jaws overheating, and mitigating requirements to scraper alignment;
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Design requirements
The expected scraping rate is rather high (table 1): up to 1 % of intensity at injection and beginning of acceleration, up to 2% over the first 15 min of the flattop, and then up to 10% during collisions (24 h) [9] . The proposed scraper/collimator system should be compatible with such a rate, so all components must be carefully designed. The primary components of the system, the scrapers, are situated in the Collider West Utility section. A high-precision feedback system using real-time data from the beam position monitors and the beam loss monitors positioned upstream and immediately downstream of the scrapers will be used to control the scraping rate. Should the beam loss monitor reading exceed a predetermined amount, the system would automatically back the targets and scraper jaws away from the beam to maintain a scraping rate that is consistent with the predetermined beam loss level. As a precautionary measure to avoid accidents, the control system would also have an interlock mechanism to stop forward movement of the scraper, collimator, or target if the beam loss monitor downstream reads above a preset threshold value. However, the interlock system should allow manual or programmed withdrawal of the scraper, collimator, or target from this preset position.
In addition, the target/scraper assembly must be instrumented to monitor the temperature of the scraper and coolant at inflow and outflow points and the flow rate of the coolant. Instrumentation for measuring the positions of the targets, scrapers, and collimators with respect to reference points is also required. The jaws are surrounded with radiation shielding. Corresponding lengths and thicknesses of steel shielding are presented in table 2. In a few cases some amount of a hydrogenous material is required outside the steel. . East utility scraping
The described scraper/collimator system is sufficient to protect Collider equipment from irradiation. But zero dispersion in the West Utility doesn't provide an opportunity to clean the beam from off-momentum particles. Therefore, a matching lattice with non-zero dispersion was considered in the East Utility for off-momentum scraping, as shown in fig. 18 . The ~-function is almost the same as that in the West Utility, but the dispersion (see fig. 18 ) is equal to 2 m. The main purpose of the scraper system in the East Utility is to clean the beam of off-momentum particles, as shown in fig. 19 . This scheme is the same as 
Cost
To eliminate redundant engineering cost, the designs for High Energy Booster (HEB)
and Collider scrapers and collimators should be done in parallel, because the effect and consequences of beam-scraper interaction are practically the same at 2 and 20 TeV.
Therefore, this would be a shared cost for all collimators and scrapers in the HEB and
Collider. Thus, it was agreed to use a 2.8-m-long L-shaped jaw for all collimators in both accelerators. Reliability and subsystem impact issues were also considered. A cost estimate for the HEB and Collider scraper/collimation systems was put through the value engineering process. For the Collider, the final cost estimate for the system engineering design is $1. 103M; for procurement, assembly, fabrication, transit, installation, and test the estimate is $7.174M. The shielding cost is $3.998M, leading to a grand total of $12.275M for the Collider system. For the HEB the corresponding cost is estimated at $1.993M.
Conclusions
We have designed the beam collimation system, consisting of a scattering target and associated scraper followed by a few collimators, which is compatible with high-intensity proton beams of the Te V energy region. The design is based on the realistic Monte Carlo simulation of beam halo formation, proton interactions with the target and scraper, particle tracking in the machine, shower simulations at the beam loss points, thermal analysis, and engineering optimization. We have studied in detail the associated cooling mechanism, alignment possibilities, and control issues and have justified the technical requirements.
Overall, the proposed system is very efficient, technically feasible, cost effective, and usable at superconducting proton accelerators to be upgraded or to be built. We wish to thank people who were involved in the consideration of this system at various stages: 
